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Available online 20 March 2008Unsteady and nonequilibrium molecular dynamics simulations of the response of dipalmitoylphosphatidylcholine
(DPPC) bilayers to the shock waves of various incident angles are presented. The action of an incident shock wave is
modeled by adding a momentum in an oblique direction to water molecules adjacent to a bilayer. We thereby
elucidate the effects of incident shock angles on (i) collapse and rebound of the bilayer, (ii) lateral displacement of
headgroups, (iii) tilts of lipid molecules, (iv) water penetration into the hydrophobic region of the bilayer, and (v)
momentum transfer across the bilayer. The number of water molecules delivered into the hydrophobic region is
found to be insensitive to incident shock angles. Themost important structural changes are the lateral displacement
of headgroups and tilts of lipid molecules, which are observed only in the half of the bilayer directly exposed to a
shock wave for all incident shock angles studied here. As a result, only the normal component of the added oblique
momentum is substantially transferred across the bilayer. This also suggests that the irradiation by shockwavesmay
induce a jet-like streaming of the cytoplasm toward the nucleus.
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The cell membrane permeabilization technique utilizing mechan-
ical forces due to high-intensity acoustic waves (shock wave or
ultrasound) is a promising method of noninvasive drug and gene
delivery into the cytoplasm [1–5]. For the last decade, several authors
have addressed the permeabilizationmechanisms, in vitro and in vivo,
which are fundamental for the complete development of drug and
gene delivery methods based on shock waves or ultrasound [6–14].
They have reported that cavitation-induced nonthermal effects (e.g.,
radiation force, micro-streaming, micro-jets, or shock waves from
cavitation bubbles) can induce reversible lesions of cell membranes,
and the cell membranes are thereafter permeabilized [6–14].
The above mentioned studies are limited to the macroscopic or
cellular level. At themicroscopic ormolecular level, on the other hand,
the mechanisms of the permeabilization induced by shock waves or
ultrasound are not well understood. Recently, we conducted mole-
cular dynamics (MD) simulations of the structural changes of phos-
pholipid bilayers of cell membranes induced by the action of shock
waves [15]. One of the important ﬁndings was that the resultingScience and Bioengineering,
ty, Toyonaka, 560-8531, Japan.
oshiyama).
l rights reserved.collapse and rebound of a bilayer are followed by the penetration of
water molecules into the hydrophobic region of the bilayer.
In the simulations, the propagation direction of the applied
incident shock waves was parallel to the bilayer normal direction.
However, bilayers are generally undulating on a length scale well
beyond their thickness [16]. That is, the incident shock angles on the
membrane surface practically vary with the location on the surface
where the shock wave impacts. Furthermore, a numerical analysis in
ﬂuid dynamics [17] points out that an oblique impact of a shock wave
induces a kind of shear ﬂow around cell membranes and the forces
resulting from the ﬂow ﬁeld are responsible for cell deformation and
lysis. The effects of the incident shock angles on the structural changes
of a lipid bilayer underlie the permeabilization mechanisms at the
molecular level. Therefore, the objective of this study is to analyze the
structural changes of a lipid bilayer by using the shockwaves of various
incident shock angles.
The foundation of all biological membranes is the lipid bilayer struc-
ture consisting of two leaﬂets of phospholipids. Thus, their dynamics (i.e.,
rearrangement of the phospholipids) is central to understanding the
behavior of biological membranes. MD simulations of lipid bilayers have
provided accurate models of biological membranes at the nanometer and
nanosecond scales [18–21], and the molecular behaviors of lipids, water,
and membrane proteins in equilibrium states have been clariﬁed [18,22–
25]. Moreover, the studies on the lipid bilayer responses to surface area
changes [26], mechanical stresses [27], electric ﬁelds [28–30], and shear
ﬂows [31–33] are beginning to be conducted.
Fig. 1. Schematic diagram of the interaction of a shock wave with a lipid bilayer, where
θ is the incident angle between the bilayer normal and the direction of shock wave
propagation.
Fig. 2. Temporal changes of the bilayer thickness in the simulations for θ=0°, 30°, and
60°. The bilayer thickness is normalized by that in the initial state (ca. 4.0 nm). Note that
in the following ﬁgures the normalized time t⁎=1 corresponds to 530, 590, and 810 fs in
real time for θ=0°, 30°, and 60°, respectively.
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steady states. We emphasize that a shock wave is a high-pressure
wave with a steep wave front that propagates at a supersonic speed,
and it passes the cell membrane within a very short time of the order
of picoseconds. Therefore, understanding the high-speed phenom-
enon induced by the interaction of a shock wave with a lipid bilayer
should be indispensable. We address the lipid bilayer responses not to
steady but unsteady actions induced by shock waves, particularly
focusing on the effect of various incident shock angles.
In the previous study [15], we have modeled a shock wave by its
impulse and performed unsteady and nonequilibrium MD simula-
tions. Here, we slightly modify the shock wave impulse model to take
account of incident shock angles, and the modiﬁed model is described
in the Methods section. In the Results section, the collapse stage and
the rebound stage are deﬁned, and then the lateral displacement of
headgroups, tilts of lipid molecules, water penetration into the
hydrophobic region of a bilayer, and the momentum transfer across
the bilayer are analyzed in detail. We ﬁnally summarize the effects of
incident shock angles on the structural changes of a bilayer and
discuss possible streaming in the cytoplasm induced by shock waves
in the Summary and discussion section.
2. Methods
2.1. Lipid bilayer system
In this study, we investigated the effect of the incident angle of a shock wave on a
lipid bilayer distributed on a plane surface (see Fig. 1). The lipid bilayer system
comprised 128 DPPC molecules fully hydrated by 16455 water molecules. For
equilibration, we performed 20-ns simulations with our force ﬁelds (see below) in a
constant NPT ensemble, and we obtained the equilibrated bilayer system of volume
6.56×6.40×15.90 nm3, where the linear dimension of the simulation box in the z
direction normal to the bilayer plane (the xy plane) is 15.90 nm. The detailed simulation
procedures for the bilayer equilibration are summarized elsewhere [15,19]. We remark
that our system included a large water layer of thickness about 12 nm, whereas the
thickness of the bilayer was about 4 nm. This is because this simulation of a shock wave
required a large number of water molecules, as explained below.
The force ﬁelds for DPPC and water were consistent with those employed in the
previous study [15], which includes the reﬁned united atom force ﬁeld with AMBER99
force ﬁeld [19] and single point charge (SPC) model [34]. The partial charges of a DPPC
molecule were obtained from the study by Chiu et al. [35]. Because we are interested in
the dynamical process of a structural change in a bilayer resulting from shock wave
irradiation, it may be better to remove the constraints of molecular bond lengths,
angles, and dihedrals. Therefore, all bonded interactions in DPPC molecules were
calculated in the shock wave simulation. The particle mesh Ewald method [36] wasused to treat the long-range electrostatic interactions. Both the real-space Ewald and
the van der Waals nonbonded interactions were cut off at 1.0 nm. The AMBER 8 set of
programs [37] was used for computations.
2.2. Shock wave impulse simulation
As demonstrated in the previous study [15], we modeled a shock wave by its
impulse I deﬁned as the time integral of pressure over the shock-pulse duration [7].
From the deﬁnition of the impulse, the shock impulse I can be regarded as an increment
in the momentum of water divided by an area A onwhich the shock pressure is exerted.
The momentum increment is numerically implemented by the addition of the average
velocity V to the thermal velocity of water molecules in a slab adjacent to a bilayer. V is
given by
V ¼ I  A
mNW
; ð1Þ
wherem is the weight of a water molecule and NW is the number of water molecules in
the water slab.
Because the choice of a water slab is arbitrary, we consider the water slab of A×Lz,
where A=42.2 nm2was the area of the xy plane of the bilayer system and Lz=4.0 nmwas
the thickness of the water slab. We set I=40 mPa·s and the number of water molecules
in the water slab NW=5423; the applied average velocity Vwas 10,394 m/s. Note that V
corresponds neither to the sound speed in liquid water nor to the propagation speed of
the shockwave. It just represents the increase in themomentumofwatermolecules due
to the shock wave.
In the present study, we slightly modiﬁed the shockwavemodel described above to
take account of the incident shock angle. More precisely, the shock wave impulse was
divided into the normal (in the z direction) and tangential (in the x direction)
components to the bilayer plane (see Fig. 1). That is,
Iz ¼ I cos h and Ix ¼ I sin h; ð2Þ
where Iz is the normal component; Ix, the tangential component; and θ, the incident
shock angle. Vwas decomposed to the normal component Vz=Vcosθ and the tangential
component Vx=V sin θ.
For understanding high-speed and unsteady phenomenon induced by a shockwave
impulse in MD, position and velocity scaling of molecules should not be implemented.
Therefore, we performed constant NVE MD simulation without using the temperature
and pressure controls and bond constraints from the initial conﬁguration. The constant
energy in this MD is the sum of the total energy in the equilibrium state and the kinetic
energy increase induced by adding velocity. Periodic boundary conditions were applied
in the three directions. The time step used for the integration of equations of motion
was 0.2 fs in order to avoid the excess approach of molecules with large velocities.
Owing to the periodic boundary conditions, the simulations were terminated at the
time when the effect of the shock impulse reached the boundary at the opposite side of
the simulation box in the z direction. This is the reason why we prepared a thick water
layer. The numerical results shown in the following are the sample averages of 10
production runs for a given θ. From the results of the previous study and preliminary
calculations, the system size and the simulation time in the present study were
determined in order to focus on the analysis of the essential part of the structural
changes in unsteady states.
Fig. 3. Snapshots of postural changes of typical lipid molecules in upper and lower layers induced by the shock wave with θ=60°. The yellow bars represent the headgroup of a lipid
molecule; the orange bars, the hydrophobic chains; and the red spheres, water molecules. The yellow arrow in the snapshot of t⁎=0 denotes the propagation direction of the incident
shock wave. The other lipid molecules are eliminated for clarity.
Fig. 4. Temporal changes of averaged instantaneous order parameter for θ=60°. The
order parameters are normalized by those in the initial state.
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The changes of hydrophobic chains in the unsteady states can be explained in terms
of an averaged instantaneous chain order parameter ŜCD [15],
SˆCD ¼ 12
1
NC
XNC
i¼1
1
2
3cos2Hi  1
  
; ð3Þ
whereHi is the angle between the axis of the ith molecular axis and the bilayer normal
(the z axis) and NC (=28) is the number of carbons in both sn-1 and sn-2 chains. Hi is
evaluated from the instantaneous conﬁgurations of lipid molecules. Note that Hi in the
upper layer is calculated with respect to the bilayer director as pointed out in Ref. [31],
because the lipid molecules in the upper layer tilt (see the Results section).
The lateral movement of lipid molecules is characterized by the averaged lateral
displacement of the mass center positions of the headgroups of lipid molecules L(t)
deﬁned by
L tð Þ ¼ 1
NL
XNL
i¼1 jxi tð Þ  xi 0ð Þj; ð4Þ
where xi is the x coordinate of the mass center position of the headgroup of the ith
molecule, and NL(=64) is the number of DPPC molecules in the upper or lower layer.
3. Results
3.1. Collapse and rebound of bilayers
The most outstanding change in a bilayer by the action of a shock
wave is the change in the bilayer thickness, which is deﬁned as the
distance between the phosphorus atoms of lipidmolecules in the upper
and lower layers [15]. Fig. 2 shows the temporal changes of the bilayer
thickness caused by the shock wave impulses of 40mPa·s for θ=0°, 30°,
and 60°. The bilayer thickness becameminimum at 530, 590, and 810 fs
for θ=0°, 30°, and 60°, respectively. The normalized time t⁎ in Fig. 2 is
deﬁned such that theminimumof bilayer thickness occurs at t⁎=1. That
is, the bilayer thickness is decreasing during 0b t⁎b1 (i.e., collapse
stage); then, the bilayer thickness starts to increase after t⁎=1 (i.e.,
rebound stage) regardless of the incident shock angle conditions. In the
following the normalized time t⁎=1 corresponds to 530, 590, and 810 fs
in real time for θ=0°, 30°, and 60°, respectively.
In each incident angle condition, the duration of the rebound stage
(1b t⁎) is longer than that of the collapse stage (0b t⁎b1). The rebound
stage was not completed within the present simulation because of the
periodic boundary conditions (see theMethods section). However, the
essential points can be clariﬁed as demonstrated below.
The change in the bilayer thickness is expected to be due to the
postural changes of lipid molecules. In Fig. 3, we show a series of
snapshots of postural changes of typical lipid molecules in the upper
and lower layers induced by the shock wave with θ=60°. By the action
of the shock wave, the hydrophobic chains bend (Fig. 3(a)–(c)) and
then slightly recover (Fig. 3(d) and (e)). Fig. 4 shows temporal changes
of ŜCD for θ=60°, normalized by those in the initial state (ca. −0.16).
The order parameters obviously decrease in the collapse stage andgradually recover in the rebound stage. On comparisonwith the result
in Fig. 2, it is conﬁrmed that the decrease in the bilayer thickness was
due to this chain disorder. This result is consistent with the previous
simulation result [15].
3.2. Lateral movement of lipid molecules
The oblique incidence of a shock wave yields unsteady shear on the
bilayer surface. In this simulation, the shear is induced by the tangential
momentum change of water molecules adjacent to the bilayer surface
(see the Methods section). In Fig. 3, the effect of shear appears as the
lateral movement of the lipid molecules in the upper layer. Fig. 5 shows
the timeevolutionof the averaged lateral displacements in theupper and
lower layers. As pointed out in the previous study [15], the simple shock
wave interaction (θ=0°) enhances the lateral displacement.However, the
displacement in the upper layer signiﬁcantly increases with the incident
shockangle from0° to60°. In fact, thedisplacement inducedby theshock
wavewith θ=60° becomes 1.5 nmat t⁎=2, which is ten times larger than
that with θ=0°. Here, we remark that the lateral displacements of lipid
molecules for θ=30° and 60° continue to increase even in the rebound
stage. On the other hand, the lateral displacement in the lower layer is
one order ofmagnitude smaller than that in the upper layer (Fig. 5 inset).
3.3. Tilt of lipid molecules
From the snapshots in Fig. 3, it is clear that the lipid molecule in the
upper layer tilts by the action of incident shock wave. Here, we deﬁne
the tilt angle as follows: (i) atom positions of a lipid molecule are
projected onto the xz plane; (ii) a straight line is ﬁtted to these projected
Fig. 5. Lateral displacement of the mass center of lipid headgroups for θ=0°, 30°, and
60° in the upper layer and that in the lower layer (inset). Fig. 7.Number of thewater molecules delivered into the hydrophobic region of a bilayer
induced by shock wave with θ=0°, 30°, and 60°.
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between this straight line and the z axis (see Fig. 3(e)). The tilt angle in
the initial state (t⁎=0) calculated here has a wide distribution centered
around zero degree, which would be tantamount to that in the
equilibrium state of another study [24] although they used a different
force ﬁeld and their tilt angle is deﬁned as that between a vector formed
by alternating carbon units along the lipid tails and the bilayer normal
axis.
Fig. 6(a) shows the tilt angle distributions of the lipid molecules in
the upper layer at t⁎=2. In the case of θ=0°, the distribution of tilt
angles is hardly changed from that in the initial state. On the contrary,
the distributions for θ=30° and 60° shift to the positive side. In Fig. 6
(b), we show the temporal changes of the tilt angles averaged for all
lipid molecules in the upper layer. Obviously, the averaged tilt angles
for θ=30° and 60° increase with time and reach maximum values at
around t⁎=2 (21°, and 32°, respectively). The maximum values are
in agreement with those in Ref. [31] on the interaction of steady
shear ﬂowswith lipid bilayers. In the present unsteady simulation, the
lipid alignment is completed within t⁎=2. Thus, the simulationFig. 6. (a) Tilt angle distributions of the lipid molecules in the upper layer for θ=0°, 30°,
and 60° at t⁎=2.0 (b) Temporal changes of the averaged tilt angle of lipid molecules in
the upper layer. Note that the average equilibrium angle in the initial state is taken as 0°
in (b).limited to 0b t⁎b2.0 is adequate to analyze the essential part of the
structural changes in unsteady states. Interestingly, whereas the
lateral movement of lipid molecules persists as shown in Fig. 5, their
tilts are saturated (Fig. 6(b)). However, this will not be discussed in this
paper.
The tilt angles averaged in the lower layer did not change (data not
shown). We emphasize that this is not due to the restriction of
simulation time because the steady simulation of shear ﬂow also
obtained the same result [31].
3.4. Water penetration into the hydrophobic region
In the equilibrium state water molecules hardly exist in the hy-
drophobic region [18] and the event of water penetration into the
hydrophobic region rarely occurs in the time scale of MD simulations
[38,39]. On the other hand, under the action of shock waves the wa-
ter penetration into the hydrophobic region was observed in the
time scale of picoseconds (see Fig. 3), which is important for sub-
sequent water pore formation in a bilayer [40] and cell membrane
permeabilization [4,6,9,15]. Fig. 7 shows the temporal changes of the
number of water molecules delivered into the hydrophobic region for
θ=0°, 30°, and 60°. Here, the hydrophobic region is deﬁned as the
region between the carbonyl groups in sn-1 chains in the upper and
lower layers [15]. Most of thewatermolecules penetrated are from the
upper water layer. The water penetration in the intermediate stage ofFig. 8. Temporal changes of the momentum of the lower water layer in the z direction
(normal component) and that in the x direction (tangential component, inset) for θ=60°.
Fig. 9. Schematic diagram of (a) structural changes of cell membranes and (b) expected
momentum transfer across the membrane in a cell by shock waves.
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angle condition. By contrast, in the intermediate stage of the rebound
stage (1.25b t⁎b1.75), the water penetration is larger in the larger
incident angle condition. As a result, the total number of delivered
water molecules amounts to almost 100 for all cases of θ=0°, 30°, and
60°, indicating the fact that the water penetration in 0b t⁎b2.0 is
insensitive to the incident angles, at least for the case of I=40 mPa·s.
The trend in the collapse stage is clearly a direct consequence of
the difference in the impulse intensity in the normal direction. In the
rebound stage, on the other hand, a large amount of the normal
component of themomentumhas been transferred through the upper
layer, as shown in the next subsection; instead, the lateral displace-
ments and tilts of lipid molecules in the upper layer are prominent as
demonstrated in Figs. 5, and 6. Therefore, the penetration of water
molecules near the upper layer in the rebound stage may be governed
by these lipid structural changes [23,25,41].
3.5. Momentum transfer across bilayers
It is interesting to assess the amount of momentum transferred
across the bilayer by the shock wave because the momentum transfer
is related to the transfer characteristics of the bilayer or a subsequent
ﬂow induction. The momentum transfer can be estimated from the
changes of momentum in the lower water layer. In Fig. 8, we show
temporal changes of the normal and tangential components of mo-
mentum for θ=60° normalized by the corresponding values initially
added to the water slab. Both the components begin to increase at
around t⁎=1.0, and in particular, the normal component attains 60% of
its initial value at t⁎=2.0, while the increase in the tangential
component remains very small. That is, only the normal component
of the added oblique momentum is substantially transferred across
the bilayer within the time scale of the order of picoseconds. This
certainly affects the ﬂow induction in the cytoplasm and this will be
discussed in detail in the ﬁnal section. Note that the rest of the normal
component, 40% of its initial value, still stays inside the bilayer at
t⁎=2.0 as can be seen from Fig. 3(e), where the downward movement
of lipid molecules persists.
The ratio between the sliding force per unit of bilayer area and the
velocity difference between the two leaﬂets of a bilayer is called the
intermonolayer friction coefﬁcient b, which is one of the measures of
the intermonolayer ﬂow behavior [32,33,42]. b is given by b=F /AΔV,
where F is the sliding force, A is the bilayer area, and ΔV is the velocity
difference. Usually, b is evaluated in lengthy steady simulations,however, it can be obtained in an unsteady simulation as follows: F for
θ=60° was roughly calculated from the momentum change of the
lower layer (17753.06 N·s/mol) divided by the time interval 0b t⁎b2.0
(1.56 ps); the sliding force between the lower monolayer and lo-
wer water layer was assumed to be zero because of the very small
amount of momentum transferred to the lower water layer (Fig. 8
inset); the slip velocity was the instantaneous velocity difference of
the mass centers of the upper and lower layers at t⁎=2.0 (571.74 m/s).
As a result, we obtained b=8×105 Pa m−1s at t⁎=2.0 in the unsteady
state using the present simulation results. Surprisingly, the inter-
monolayer friction coefﬁcient in the present study is almost the
same as that obtained in the coarse-grained MD simulations in Refs.
[32,33] (typically 1×106 Pam−1s) by applying Lees–Edwards boundary
conditions, although the normal component of momentum was not
considered in these simulations.
4. Summary and discussion
This study aimed at investigating the effect of incident shock
angles on the structural changes of a lipid bilayer by using unsteady
nonequilibrium MD simulations. The simulation results revealed that
the half of the bilayer directly exposed to shock waves is sensitive to
an incident shock wave; therefore, the lateral displacement and the
tilts of lipid molecules are enhanced with an increase in the incident
shock angle from 0° to 60° within the time scale of the order of
picoseconds (Fig. 9(a)). On the other hand, the other half of the bilayer
is found to be insensitive to the change of the incident shock angle.
This difference in sensitivity to the incident shock wave results in the
fact that only the normal component of the applied oblique impulse is
transferred across the bilayer.
Finally, we discuss the possible streaming of the cytoplasm induced
by shockwaves. As shown in Fig. 8, the normal component of the applied
momentumpromptly transfers across the bilayer,whereas the tangential
component hardly transfers. Here, let us assume a cell to be a sphere and
a shock wave impulse is applied downward on the surface of the sphere
(Fig. 9(b) left). The intensity of the applied momentum along membrane
normal is largest on the top of the sphere, and it is reduced to zero along
themeridian of the sphere. Accordingly, themomentumdistribution has
a maximum (Fig. 9(b) right), which will result in the formation of a jet-
like streaming in the cytoplasm. In reality, the cell membrane is usually
undulating; hence, severalmomentummaximawith different directions
maybeproducedbeneath themembrane. Therefore, the streaming in the
cytoplasm caused by the shockwavewill be comprised of several jet-like
ﬂows emerged from several momentum maxima, and the entire ﬂow
pattern in the cytoplasm will become complex. The mixing or
homogenization of plasmid [10] and ﬂuorescein [7] throughout the cell
cytoplasm appears to be enhanced by jet-like ﬂows.
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